Proton influx was measured after imposition of an electrochemical potential difference for protons (A -4 ) [91). According to this theory, the ATPase catalyzes an obligatory coupling between proton translocations and the synthesis or hydrolysis of ATP (Fig. 1) . Thus, under aerobic conditions an outward movement of protons during respiration would establish the electrochemical potential difference for protons (A -i-) required to poise the ATPase reaction in the direction of net ATP synthesis. Alternatively, in the absence of respiration the ATPase reaction would proceed in the direction of net ATP hydrolysis and proton extrusion. This, in turn, would establish the A,i1+ necessary to drive other reactions. Harold (12) has reviewed the large body of evidence that supports this general view for bacterial systems.
the synthesis of adenosine 5'-triphosphate (ATP) during oxidative phosphorylation (reviewed by Cox and Gibson [6] ). But, in addition, under anaerobic conditions or in cells (e.g., the streptococci) that lack a respiratory chain, functional BF(F, is also needed for other energy-requiring reactions, such as the active transport of certain sugars, amino acids, or ions (for reviews, see Simoni and Postma [38] , Hamilton [11] and Altendorf and Harold [1] ).
Such dual function of this ATPase is best viewed within the framework of Mitchell's chemiosmotic theory (28; reviewed by Mitchell [301 and Greville [91) . According to this theory, the ATPase catalyzes an obligatory coupling between proton translocations and the synthesis or hydrolysis of ATP (Fig. 1) . Thus, under aerobic conditions an outward movement of protons during respiration would establish the electrochemical potential difference for protons (A -i-) required to poise the ATPase reaction in the direction of net ATP synthesis. Alternatively, in the absence of respiration the ATPase reaction would proceed in the direction of net ATP hydrolysis and proton extrusion. This, in turn, would establish the A,i1+ necessary to drive other reactions. Harold (12) has reviewed the large body of evidence that supports this general view for bacterial systems.
The model presented in Fig. 1 allows four predictions that are subject to experimental tests. With regard to the hydrolysis of ATP, it is expected that (i) hydrolysis of ATP will lead to the generation of A it.; and (ii) that ATP hydrolysis will be accompanied by proton translocations away from the site of hydrolysis. The available evidence is in accord with these first two predictions. From studies of Streptococcus faecalis (/frecium) 21) concluded that both the membrane potential (negative inside) and the pH gradient (alkaline inside) present in metabolizing cells arose as a consequence of proton extrusion catalyzed by BF(FI. Demonstration of proton movements coupled to hydrolysis of ATP was first reported by Scholes et al. (37) , who studied chromatophores of Rhodospirillucn rubrum; West and Mitchell (44) and Hertzberg and Hinkle ()17) have outlined similar experiments that used membrane vesicles from E. coli. The most convincing evidence comes from recent work by Sone and co-workers (39, 40) ATP hydrolysis and proton translocations was preserved, and the generation of A A~i+ could be verified by direct measurement of the membrane potential and pH gradient.
In an analogous fashion, two further predictions are made with respect to the coupling between ATP synthesis and proton entry. Thus, (iii) ATP synthesis will be driven by a sufficiently large A -+; and (iv) during such ATP synthesis, the ATPase will catalyze proton translocation in a direction towards the site of synthesis. The first of these latter predictions has been verified. It is now known that an artificially imposed membrane potential and/ or pH gradient can drive ATP synthesis catalyzed by BFOFI of either S. lactis (23, 25) , E. coli (10, 23, 42, 43, 45) , R. rubrum (22) , or Halobacterium halobium (7) . Moreover, for both S. lactis (25) and E. coli (45) , measurements of the size of A S,+ needed to drive ATP synthesis agreed with the requirements of the chemiosmotic theory.
The fourth prediction made by the model shown in Fig. 1 has not yet received adequate experimental support, but some recent findings are best explained by this assumption. For example, Saphon et al. (35) and Jackson et al. (19) showed that in chromatophores from Rhodopseudomonas sphaeroides ATP Measurement of adenine nucleotides. Intracellular adenine nucleotides were extracted with iced perchloric acid, followed by neutralization with potassium hydroxide, as reported previously (25, 45) . ATP was determined by the firefly assay described by Cole et al. (5) , with only minor modifications (25) . For routine work, firefly lantern extract (FLE-50) was obtained from Sigma. For experiments in which adenosine 5'-diphosphate (ADP) and adenosine 5'-monophosphate (AMP) were also measured, a purified luciferin-luciferase was used (E. I. DuPont de Nemours Co., Inc., Instrument Products Division, Wilmington, Del.). Purified luciferin-luciferase was rehydrated according to the manufacturer's directions, except that the stock solution contained 20% (vol/vol) glycerol (4 Measurement of intracellular and extracellular potassium. Cells were separated from the medium by filtration (1.2-,tm pore size), and internal potassium was extracted with n-butanol (24, 25) The internal concentration of acetylsalicylic acid was calculated after correction for extracellular fluid present in the pellet. Under these conditions, this volume of extracellular fluid was less than or equal to the volume of internal water.This relationship allowed an increased sensitivity over earlier methods (24, 25) A control experiment was performed in which, under identical conditions, proton entry was measured from the record of the pH stat, or from measured changes in external pH without the pH stat in operation. In this experiment, the glass electrode was attached to either the pH stat or to a second pH meter (Radiometer PHM 63). The signal from the pH meter was amplified and displayed on a recorder (Linear Instruments) at 0.2 pH unit full scale. Titration of the cell suspension with acid from pH 6.4 to 6.0 (in steps of 0.04 to 0.10 pH unit) allowed calculation of the medium's buffering power over the range of change in external pH found after subsequent addition of valinomycin. The results of this experiment showed that during the first 1 to 2 min after valinomycin, the pH stat record gave values for proton entry that were at least 80% of those calculated from direct measurement of change in external pH. At later times, the two measurements agreed within 5%.
In most experiments for which proton entry is reported, the curves shown are tracings of the pH stat record. This introduces a small error in those instances where ATP levels were also measured, since the sample volume decreased during the course of the experiment. Because the initial sample volume (10 ml) was large compared to the aliquots (0.2 ml) removed for ATP measurements, the cumulative error does not exceed about 10%. In cases where two or more tracings appear together, cell densities of the different samples agreed within 5%, unless stated otherwise.
During measurement of acid production from fermentation of glucose, the reservoir of the pH stat contained 30 mM sodium hydroxide. To initiate glycolysis, washed cells were resuspended in buffer A and exposed to 25 mM glucose. The rate of production of acid equivalents was calculated from the rate of addition of base required to maintain the external pH at 6.0.
RESULTS
Choice of initial conditions. Both the membrane potential and the pH gradient make contributions to the electrochemical potential difference for protons, A f-A+. These parameters are related according to the equation below (32): X = ZApH where Ai represents the membrane potential (in millivolts) and ApH gives the pH gradient; the coefficient, Z, has a value of about 59 mV at 250C. For the work reported here it was necessary that A -f -be raised suddenly from an initial value close to zero to one of about 200 mV. To do this on a routine basis it was convenient to manipulate the membrane potential rather than the pH gradient. For this reason, cells containing high internal potassium (300 to 400 mM) were suspended in low-potassium medium (usually 0.3 to 0.4 mM) and then exposed to the potassium ionophore, valinomycin. This allowed the distribution of potassium to approach electrochemical equilibrium. Thus, the size of the membrane potential could be estimated from the Nernst equation, using measured values for internal and external potassium. Separate measurements of the pH gradient allowed calculation of the initial value ofA -4+, according to the equation given above.
It was important to choose conditions that limited the number of mobile ions present. The experiment outlined in Fig. 2 shows that significant ion movement after valinomycin could be restricted to exchange of K+ and H+. Washed cells were placed in isosmolar solutions of sodium chloride, choline chloride, or 2-aminoethanesulfonic acid. After addition of valinomycin, the kinetics and extent of proton entry were similar for the three preparations (Fig.   2a ). However, this was not true for changes of internal potassium (Fig. 2b) . When sodium was present as the major external cation, internal potassium showed simple exponential decay, as noted previously (25) As one would expect, a lowering of A 1H-was associated with a reduction of both the rate and extent of proton entry. However, there appeared to be no simple relationship between f,+ and proton entry. Instead, the data suggest that proton entry showed a "gated" re- Values for internal pH (pH,.) were calculated by subtracting the measured pH gradient from the known external pH (pH,,). The standard errors shown (n = 3) refer to the variation of the measured pH gradient, not of the calculated internal pH.
bInternal pH was measured after 40 min of preincubation (see text). It is assumed that internal pH of control cells is the same as internal pH in cells not preincubated for specified time. In fact, in some cases (e.g., Fig. 3 (Fig. 3 ) might be accounted for by a change in the poise of the ATPase reaction from net hydrolysis to net synthesis of ATP. This would be expected on the basis of chemiosmotic theory (Fig. 1) , for the ATPase but only during the synthesis of ATP. Two kinds of experiments were performed to investigate this possibility. The data presented investigate this possibility. The data presented in Fig. 4 outline the first approach. Three cell suspensions were examined. In each case, the initial value of the membrane potential was calculated from measured levels of internal and external potassium. The initial pH gradient was estimated from the known external pH and measurements of internal pH made in other experiments (Table 2) . For sample A, the initial value of A -+ was 200 mV, with contributions of 125 mV from the membrane potential and 75 mV from the pH gradient. ATP synthesis occurred (Fig. 4a) , and the kinetics and extent of proton entry were as those found earlier for cells exposed to similarly high values of A + (compare Fig. 4b and Fig. 3 ). For sample B, external pH was raised from pH 5 to 6, reducing the contribution made by the pH gradient to 15 mV; however, A p-,H+ was maintained near its original value because of a parallel increase in the membrane potential to 175 mV (external potassium of 0.4 mM rather than 3 mM). Despite these manipulations, for sample B both ATP synthesis and proton entry were similar to those found for sample A. (This similarity also shows that the observed proton movements depend on the value of A A-+, rather than the value of the membrane potential or pH gradient.) Finally, for the remaining sample C, A ft+ was reduced to 140 mV by imposing a membrane potential of 125 mV (as in A) and a pH gradient of 15 mV (as in B). In this case, no ATP synthesis occurred, and the kinetics of proton inflow were characteristic of those found previously when A p-+ was reduced (Fig. 3) . These results are consistent with the idea that protons can pass into the cell via BF,,F, during net synthesis of ATP. If this is true, then such coupled proton movements should also be distinguished by experiments that use an inhibitor of BF,,F, such as DCCD (8, 13) .
Experiments with DCCD-treated cells. It was important to determine whether there was a significant difference in the internal pH of control and of DCCD-treated cells. In a series of experiments, such control or treated cells were suspended in the usual salts solution along with 20 mM MOPS-choline to buffer outside pH at 6.5. For the later pH stat experiments, this value is the pH at which cells were maintained until brief titration with acid lowered external pH to 6.0. Under these conditions, the data shown in Table 2 indicate that the internal pH of both control and treated cells was the same, about pH 6.2.
The data given in Fig. 5 through 7 describe a single experiment comparing the behavior of such control or DCCD-treated cells. In the first part of the experiment (Fig. 5) , ATP nomycin. In the remainder of the experiment ( Fig. 6 and 7) , these same cells were exposed to glucose, rather than valinomycin, in order to assess their metabolic integrity and to provide an independent test for inhibition of BF,F1 by DCCD.
In the first part of the experiment (Fig. 5) , both control and DCCD-treated cells were exposed to A f+ of about 200 mV (see below). For control cells, ATP synthesis occurred (Fig. 5a) , and cumulative proton entry (Fig. 5b) took place to the same extent as that found earlier in response to A p of the same magnitude ( Fig. 3 and 4 and within experimental error, both preparations showed the same initial distributions of ATP (5%), ADP (29%), and AMP (66%). Sufficient inorganic phosphate was present within treated cells, since ATP levels maintained during glycolysis (no added phosphate) were within normal limits (see below; 23, 25) .
To correctly interpret the data given in Fig.  5 , it was necessary to show that the initial value of A t4. was the same for both control and treated cells, for earlier experiments (Fig.  3 and 4) had indicated that small reductions in A f+ could yield substantial inhibition of both ATP synthesis and proton entry. For the experiment given in Fig. 5 , the pH gradient contributed about 12 mV to A +, because for both control and treated cells external pH was 6.0, and internal pH was 6.2 (Table 2) . Measurements of internal and external potassium in that experiment indicated that after valinomycin the membrane potential was also the same for control and treated cells (184 and 187 mV, respectively). Thus, for each preparation shown Because the driving force for proton entry was the same for the two preparations examined (Fig. 5) , it is reasonable to conclude that the observed difference in proton inflow is directly related to the capacity of control cells to catalyze synthesis of ATP via membranebound BF,,F,. This assumes that the important difference between control and DCCD-treated cells results from inhibition of BF,,F, by DCCD, rather than other, nonspecific damage. This assumption is supported by additional information available from this experiment. These cells were also examined with respect to ATP levels maintained during glycolysis (Fig. 6) . Both control and DCCD-treated cells attained the same steady-state levels of ATP during the first 10 min after addition of glucose (Fig. 6a) . Similarly, both preparations maintained their steady-state levels of ATP after subsequent addition of a proton conductor, FCCP (18) (Fig.  6b) . The difference between the two cell types was evident only after glycolysis had been blocked by iodoacetate (Fig. 6c) . In this case, disappearance of ATP was more rapid in control cells than in DCCD-treated cells (20 and 1.1 mmol of ATP per min per liter of cell water, respectively), as expected if DCCD treatment had inhibited BF,,F, activity (13, 25) . Thus, both cell types retained similar capacities to generate ATP from substrate level phosphorylations, but DCCD-treated cells showed reduced capacity for both the synthesis (Fig. 5) and hydrolysis (Fig. 6c) of ATP mediated by BF(FJ.
In this portion of the experiment, net acid production from glycolysis was measured simultaneously (Fig. 7) . For both preparations, a constant rate of acid production was attained within 3 min after addition of glucose. The rate of acid production was significantly greater in control cells than in DCCD-treated cells (64 and 36 mmol of HI per min per liter of cell water, respectively). This difference became more striking after addition of FCCP, which accelerated glycolysis in control cells, but inhibited net acid production in DCCDtreated cells (220 and 9 mmol of HI per min per liter of cell water, respectively). The stimulation of glycolysis by FCCP is expected of cells possessing functional BF,,F,. Because ATP levels do not change after FCCP (Fig. 6b) , increased synthesis of ATP from glycolysis would be required to balance increased hydrolysis by BF(,F, as membrane permeability to protons becomes elevated in the presence of the proton conductor. Other experiments (data not shown) suggested that DCCD-treated cells show an increased permeability to potassium. Thus, in the presence of FCCP, loss of potassium in exchange for protons would obscure attempts to monitor glycolysis by acid production. However, a possible increase in potassium permeability for DCCD-treated cells does not alter the interpretation of experiments measuring proton entry after the addition of valinomycin (e.g., Fig. 5 ).
Changes in nucleotide pools. The data pre- Fig. 8 provide evidence for the presence of an active adenylate kinase (ATP:AMP phosphotransferase, EC 2.7.4.3) in S. lactis. Internal levels of ATP, ADP, and AMP were measured after addition of valinomycin to cells suspended in sodium phosphate at pH 6. The total adenine nucleotide pool size remained constant during the experiment, and fluctuations in the ATP level were mirrored by reciprocal changes in AMP rather than ADP. This finding is consistent with the presence of adenylate kinase, catalyzing the reaction: 2 ADP *-* ATP + AMP. When the ratio (ATP)(AMP)/ (ADP)2 was calculated for these data, a constant value of 0.6 was obtained for all times, save 40, 60, and 80 s, which gave ratios of 2.0, 1.5, and 1.2, respectively.
DISCUSSION
These experiments provide positive evidence supporting the idea that membrane-bound BF,F, catalyzes an obligatory coupling between the inward movement of protons and the synthesis of ATP. The evidence comes from two kinds of experiments. In one case ( Fig. 3 and 4 ; Table 1), proton entry was monitored when the magnitude and composition of A ft4 were varied. Alternatively (Fig. 5) , the initial value of \ p4 was maintained constant, and proton entry into normal cells was compared with that observed for cells lacking functional BF,,Fl.
Based on the observed kinetics of proton entry, one may distinguish two classes of response to the imposition of A . One was observed when the value of A , was 175 mV or less, or when DCCD-treated cells were exposed to A p of 200 mV. In these instances, proton entry was characterized by a rate of influx of H that appeared greatest at or near zero time and showed progressive decline thereafter. These kinetics suggest that such proton entry reflects the passive inward movement of H+ down the electrochemical gradient. A quantitative argument supports this interpretation. The initial rate of proton entry into DCCD-treated cells was estimated as about 10 to 20 mmol of H+ per min per liter of cell water (Fig. 5 and data One may compare the behavior ot control and DCCD-treated cells (Fig. 5) (Fig. 8 and text) . But there must be other, unidentified reactions yielding the irreversible hydrolysis of ATP. Because the equi-librium position of the adenylate kinase reaction is close to or equal to 1 (26), little or no free energy would be dissipated during ATP hydrolysis. Thus, if only adenylate kinase and BF,,F, were present, then protons that enter via BF,,F, would eventually be reextruded; ultimately, when ATP levels return to their initial levels, both control and DCCD-treated cells would exhibit the same net proton entry. However, this was not true, and cumulative proton entry into control cells was significantly greater than into DCCD-treated cells (Fig. 5) . To account for this discrepancy, one must assume the presence of reactions catalyzing the irreversible hydrolysis of ATP. The presence of such reactions is also indicated by the capacity of DCCD-treated cells to carry out glycolysis (Fig. 7) . Moreover, the presence of such reactions helps to explain the complex kinetics observed when proton entry was coupled to ATP synthesis. Such "dissipative" reactions would be expected to make their most substantial contribution when internal levels of ATP are high. Thus, as was observed, maximal rates of proton entry would occur when ATP levels reach their peak.
Assuming the stoichiometry of 2 H+/ATP found in other systems (19, 31, 41) , maximal rates of proton entry during ATP synthesis would require BFO,F, activity of about 20 to 25 mmol of ATP per min per liter of cell water, if all protons move in via BF,,F,. Because ATP levels do not increase after 1 min, the uncharacterized dissipative reactions would have to split ATP at about the same rate. The data presented here are consistent with these requirements. Thus, the activity of BF,,F, in S. lactis may be estimated from measurement of the decay of ATP in iodoacetate-treated cells (Fig. 6c) , or from the assumption that the stimulation of glycolysis by FCCP (Fig. 7) results from increased ATPase activity when A -41 falls. These estimates give values of 20 and 130 mmol of ATP per min per liter of cell water, respectively. The rate of glycolysis in DCCD-treated cells (Fig. 7) suggests that the dissipative reactions within the cell can proceed at about 36 Fig. 1 would determine whether such "proton entry" is paralleled by appearance of both positive charge and acid equivalents within the cell. From the work reported here, one may conclude that protons that flow inward via BFI,F, carry positive charge into the cell, since proton entry was accompanied by loss of an equal number of potassium ions by way of valinomycin (Fig. 2) . Appropriate quantitative estimates of cell acidification are not yet available. It should also be noted that from the results presented here one may not conclude that HI represents the chemical form of the species translocated by BF,Fl. Different experimental approaches are required to distinguish models that suggest that HI itself is moved (3) or that 02-is translocated (29) . The data given show only that BF(,F, provides a pathway for effective movement of protons.
The results reported here clearly support the proposition that the membrane-bound ATPase of bacteria catalyzes an obligatory coupling between effective proton entry and synthesis of ATP. This result was expected from earlier studies that used mitochondria (32), chloroplasts (33, 34) , or bacteria (27) , since steadystate values ofA I+ established by respiratorydriven or light-driven proton movements were lower under conditions where ATP could be synthesized. The value of the experiments given here is that it was possible to demonstrate coupling between proton entry and ATP synthesis when the driving force for proton movements was artificially imposed. Thus, it could be shown directly that the ATPase represents a gated pathway for proton entry and that such proton entry is driven by A -+, rather than by the membrane potential or the pH gradient alone. 
